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White wheat is, categorically, more susceptible to pre-harvest sprouting (PHS) than red 
wheat. Physiological maturity (PM), defined as when the seeds reach their maximum dry 
weight, is a critical time before harvesting. The objective of this study was to determine a 
reference level of α-amylase activity and the corresponding Falling Number (FN) value near 
the time of PM of selected red and white cultivars in the absence of PHS inducing condi-
tions. Twenty-four soft winter wheat genotypes (12 red and 12 white) adapted to Michigan 
with varying historic levels of susceptibility to PHS were planted in an α-lattice design in 
two locations from 2008 to 2010. Spikes were collected three days before PM, at PM, and 
three days post PM. Samples were freeze-dried, threshed, milled and evaluated for α-amylase 
activity and FN value using high throughput method. Within genotype, clear trends were 
observed in the reduction of α-amylase activity and the increase of FN value during the 
physiological maturation. A nonlinear relationship between α-amylase activity and FN value 
was fit with an r2 of 0.801. Significant differences were observed for genotype for both 
α-amylase activity and FN value for all collection time points. No significant differences 
were found between red and white wheat, categorically, at any of the three time-points in the 
absence of PHS. The evaluation results provide a critical reference prior to induction of PHS. 
The α-amylase activity and FN tests show different advantages in analyzing PHS samples as 
the relationship between α-amylase activity and FN value is not linear over wide-ranging 
results.
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Introduction
Pre-harvest sprouting (PHS) in wheat causes a sequence of physiological processes, in-
cluding an increased synthesis and secretion of α-amylase and proteases (Gale and Len-
ton 1987). Starches are hydrolyzed by α-amylase and flour quality is lowered. PHS is 
associated with inadequate seed dormancy, which is a multigenic trait contributed to by 
the three homoeologous R genes (which determine seed coat color) and regulated by a 
series of plant growth regulators, of which abscisic acid (ABA) is key (Gale and Lenton 
1987; Flintham 2000). Red wheat tends to be more resistant to PHS than white wheat, 
which may be due to an increased sensitivity of embryos to ABA (Himi et al. 2002). How-
ever, for many foods that incorporate bran, a white seed coat is often preferred.
Various methods are used to evaluate PHS and grain dormancy. Visual methods in-
clude ‘sprout score’, an assessment of sprouted seeds in the head (Humphreys and Noll 
2002; Munkvold et al. 2009), and ‘germination index’, a calculation of the percent and 
speed of seeds germinated outside of the head after moisture is applied (Walker-Simmons 
and Sesing 1990). The Hagberg Falling Number test measures the functional integrity of 
the starch structure and is the AACCI standard method for sprouting-damaged cereals 
evaluation (Hagberg 1960; AACC International 2002). α-Amylase activity can also be 
quantified directly using a chromogenic method (McCleary and Sheehan 1987). Among 
these diverse evaluation approaches, the visual sprout count method has been reported to 
be a poor indicator of PHS damage, while α-amylase activity and FN tests could clearly 
distinguish the different baking test samples (Moot and Every 1990). The visual methods 
are also confounded by germination inhibitors and spike morphology (King and Richards 
1984; Kato et al. 2002). Furthermore, enzymatic damage to the starch occurs prior to the 
visual sprout damage; thus, identification and use of a method which can assess PHS at 
an earlier stage is warranted for flour quality purpose. 
Physiological maturity (PM) is the time when the seed reaches its maximum dry weight 
and occurs very close to the time when there is a complete loss of chlorophyll color from 
the glumes (Hanft and Wych 1982; Falcinelli and Giannoni 1985). In the wheat seed de-
velopment, the germination ability could be formed at the fifth day after flowering and 
reach the peak after the PM (Gao et al., 2013). Dormancy is peaked at PM and gradually 
lost during the dry after ripening stage (Paterson et al., 1989). Using glume color to iden-
tify the time of PM in wheat has become an effective approach in field evaluation (Hum-
phreys and Noll 2002; Hughes et al. 2010).
The objective of this work was to determine if, in the absence of PHS, there are sig-
nificant differences in the baseline FN value and α-amylase activity considering grain 
color (red vs. white) and also within grain color categories around seed PM. The perfor-
mance of wheat varieties in the absence of PHS is fundamental to understanding the 
change in FN value and α-amylase activity upon induction of PHS. The study reported 
here links the behavior of FN value and α-amylase activity to details about specific geno-
types that have been used extensively as breeding parents in the soft wheat region in 
Eastern North America, which provides great value for breeders, farmers and industry 
users. 
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Materials and Methods
Plant materials and field design
In 2008, 10 soft white and 10 soft red winter wheat cultivars adapted to growing in Mich-
igan, USA were selected based on historical visual evaluation of PHS, such that a range 
of PHS resistance levels was represented in both red and white wheat. In 2009 and 2010, 
two soft white and two soft red winter wheat cultivars were added to the trials. Field trials 
were planted in plots with a three-replication α-lattice design at each location. Trials were 
conducted in Clarksville, MI in 2008, East Lansing, MI in 2008 and 2009, Saginaw Coun-
ty, MI in 2009 and 2010, and Lenawee County, MI in 2010. 
Physiological maturity determination and sampling
Flowering time was recorded as the time at which anthers were extruded for 50% of the 
spikes in a plot. As each plot began to senesce, three maturity time points were estimated: 
three days prior to PM (PM–3), PM and three days after PM (PM+3). The maturity time 
were determined by visualization of the glume chlorophyll loss within the plot as follows: 
PM–3 = 60% of heads in the plot had lost their chlorophyll; PM = 80% of the heads had 
lost their chlorophyll; PM+3 = three calendar days passed the occurrence of PM. At each 
time points, 100 spikes were sampled from each plot. The samples were shipped on ice 
and stored in a freezer (–20 °C) to preserve enzyme levels until they could be freeze-
dried. All spike samples were freeze-dried in either Genesis® 12EL (The Virtis Company, 
Gardiner, NY) or Tri-Philizer TM MP, (FTS Systems Inc, Stone Ridge, NY). After thresh-
ing and cleaning, whole-grain meal was obtained from approximately 40 g sample of 
grain using a UDY® Mill (UDY Corp., Fort Collins, CO) with a 0.5 mm sieve.
Determination of α-amylase activity and Falling Number value
α-Amylase activity was measured according to AACCI Approved Method 22-02.01 (Cer-
alpha method) (AACC International 2002) with a modified protocol developed in USDA 
Soft White Wheat Quality Lab (Wooster, OH) for high throughput analysis. Twenty μL 
aliquots of Ceralpha substrate (BPNPG7) solution were dispensed into each well of a 96 
well plate and pre-incubated at 42 °C. Three g of flour sample and 20 mL of extraction 
buffer were mixed and incubated at 42 °C for 20 min, and then centrifuged at 1,500 g for 
15 min at 35 °C. Twenty μL of α-amylase extract was then directly added to the bottom 
of the well and 300 μL of the stopping reagent was added after 20 min. The enzyme reac-
tion for each group of three aliquots pipetted was controlled in 30 seconds intervals to 
keep the consistent reaction time for the whole plate. The absorbance of each well was 
read from a microplate reader (BioTek Instruments Inc., Winooski, VT) at 400 nm, using 
distilled water as control. The enzyme extract was diluted if the absorbance value was 
greater than 1.2 to avoid substrate saturation. The extinction coefficient (EmM) was deter-
mined with a dilution series of p-nitrophenol standard solution in 1% tri-sodium phos-
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phate. Three replications were conducted for each sample. The enzyme activity is pre-
sented in Ceralpha units (CU/g).
Flour moisture content was determined using air oven method (AACC International 
2000) in 2009 and Near-infrared spectrometer (Bruker Optics Inc., Billerica, MA) in 
2010 and 2011. The appropriate amount of flour weight necessary for each FN test was 
calculated based on 7.0 g of flour at 14% moisture. According to AACCI Approved Meth-
od 56-81.03 (AACC International 2002), two replications of the FN test were performed 
on each sample.
Statistical analysis
Data were analyzed using SAS statistical software 9.2 (SAS Institute, Cary, NC). Analy-
sis of variance (ANOVA) was carried out to using the mixed model where genotype, 
maturity date and their interaction as fixed effects and year, location, replication, incom-
plete block as random effects. Fisher’s protected Least Significant Difference (LSD) was 
calculated for each maturity category, for pairwise comparisons at a significance level of 
0.05. All data points for α-amylase activity and FN value were fitting into linear and non-
linear regression models to assess the correlation.
Results
Environmental conditions
Across three years, there was no substantial precipitation in the fields during grain-filling 
(flowering to PM). Average precipitation during that period was less than 11.4 cm and 
mean temperature ranged from 18 °C to 23 °C. No visible sprouting was observed over 
the three years of the experiment. The average time interval between planting date to PM 
 
Table 1. Two-way ANOVA for the effects of genotype and maturity on the a-amylase activity and FN value
Source of variation
α-amylase activity FN value
df MS F df MS F
Genotype  23  0.080  6.16**  23  7,970  10.66**
Maturity  2  5.866  452.47**  2  841,070  1,124.57**
Genotype × maturity  46  0.039  2.97**  46  1,230  1.64*
Year  2  0.057  2.77ns  2  7,199  1.53ns
Location (year)  3  0.021  2.91ns  3  4,922  2.87ns
Replication (year × location)  10  0.007  0.60ns  10  1,700  1.82ns
Block (year × location × replication)  86  0.012  0.95ns  86  919  1.23ns
Error  893  0.013  893  748
Total  1,065  1,065
*P < 0.01; **P < 0.0001; ns Not significant.
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for the soft red and soft white winter cultivars over years and locations was approxi-
mately 268 days and an average of 31.5 calendar days after anthesis (DAA) was required 
for both red and white wheat to reach PM.
α-Amylase activity and FN value
The two way ANOVA test indicated that the main effects of genotype, maturity (PM–3, 
PM, PM+3) and their interaction were all significant at p < 0.01 level in the three years 
α-amylase activity and FN study (Table 1). The random effects of year, replication and 
block were not significant at p < 0.01. When experimental lines were categorized by grain 
color (red vs. white), only the fixed effect of maturity was significant (p < 0.01, data not 
shown). All 24 cultivars showed a decreasing trend of α-amylase activity from PM–3 to 
PM+3, and the degree of decrease between PM–3 to the time of PM was far greater than 
from PM to PM+3. There were significant differences among the 24 cultivars for 
α-amylase activity at each of the three time points, even though α-amylase activity levels 
converged towards similar values at PM+3 for all 24 genotypes. For FN, all 24 cultivars 
increased in FN value from PM–3 to PM+3. In contrast to the converging trend observed 
over time for α-amylase activity, no strong convergence of values was observed for FN 
test. When examining the red and white cultivars categorically, similar trends were ob-
served.
Figure 1. The α-amylase activity (CU/g) at three days before physiological maturity (PM–3), PM and three 
days after PM (PM+3) for 24 Michigan adapted genotypes, measured from the grain frozen immediately after 
harvesting. Least square difference (LSD) values (α = 0.05) are included at each time point and represented as 
the vertical bar for comparison
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Pairwise comparisons were performed at three time points around PM to determine 
significant differences between genotypes for both α-amylase activity and FN value. For 
α-amylase activity the LSDs were 0.120 CU/g, 0.058 CU/g, and 0.016 CU/g at PM–3, PM 
and PM+3, respectively (α = 0.05) (Fig. 1). For FN, the LSDs were 23.25 s, 22.05 s, and 
13.53 s at PM–3, PM and PM+3, respectively (α = 0.05) (Fig. 2). 
Correlation between α-amylase activity and FN value
Both linear and non-linear regression models were evaluated to fit the relationship be-
tween α-amylase activity and FN value. The coefficient of determination (r2) of linear 
regression for α-amylase activity and FN value was 0.5743 and the r2 for red and white 
wheat categorically were 0.5216 and 0.6881, respectively (data not shown). Among the 
tested non-linear regression models, the best one identified was applied and the r2 was 
0.801 and root mean square of error (RMSE) was 0.075.  
α-amylase activity = 16098 × FN–0.200
 
The predicted α-amylase activity and measured α-amylase activity versus corresponding 
FN value in this experiment are shown in Figure 3. Overall, low FN value (below 250s) 
corresponded with a wide range of α-amylase activity value, while little variation was 
Figure 2. Falling Number value at three days before physiological maturity (PM–3), PM and three days after 
PM (PM+3) for 24 Michigan adapted genotypes, measured from grain frozen immediately after harvesting. 
Least square difference (LSD) values (α = 0.05) are included at each time point and represented as the vertical 
bar for comparison
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observed in α-amylase activity at high FN value. By solving the above equation with 
natural log transformation, the relationship between α-amylase activity (ln) and FN (ln) is 
linear:
ln (α-amylase activity) = 9.67 – 1.9955 ln FN
Discussion
In the absence of PHS conditions, significant differences in α-amylase activity and FN 
value were observed among the 24 cultivars. However, unexpectedly, when comparing 
red wheat and white wheat, differences in α-amylase activity and FN value were not sig-
nificant at any of the three time points around PM. Red wheat is commonly known to 
have higher seed dormancy at maturity, as well as more resistance to PHS, than white 
wheat. However, though the α-amylase activity is highly diverse at PM–3, the white 
wheat did not show significantly different enzyme activity compared to red wheat, except 
one extraordinary variety – Caledonia, which is recognized as a PHS susceptible line 
(Munkvold et al., 2009). Our results suggested α-amylase and FN level around PM in red 
and white wheat is not categorically different under non-sprouting conditions.
It was clear that, irrespective of genotype, α-amylase accumulated in the seeds during 
the maturation process prior to PM, and decreased steadily as PM was approached and 
surpassed. The increasing trend of FN values across the maturity categories (PM-3 to 
Figure 3. Non-linear relationship between α-amylase activity (AA, CU/g) and Falling Number value (FN, s), 
black dots depict true values of AA and gray circles represent the estimated values for AA by FN
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PM+3), which indirectly reflects α-amylase activity. These results are also in agreement 
with a study by De Laethauwer et al. (2013), which showed progressively decreasing 
α-amylase activity in two cultivars until PM. In our study, the highest α-amylase activity 
was observed at three days before PM, which is consistent with seed metabolism and 
energy consumption being reduced as PM is reached. Over years and varieties, the de-
creasing enzyme activity approaching PM reflects the contribution to the net starch depo-
sition. The converging trend of low α-amylase activity at PM and thereafter suggests re-
duced overall biological activity as the seeds reach PM. 
The decreasing enzyme activity during maturation has been reported to result from two 
main causes: enzymatic protein degradation and inhibition of the enzyme. Wheat 
α-amylase inhibitor could reduce the activity of α-amylase to restrain the seeds germina-
tion (Mundy et al., 1984). The α-amylase inhibitor gene under wheat genetic background 
could delay sprouting, which is suggested as a strategy to improve PHS resistance (Xiao 
et al., 2002). In our study, it is possible that the variability of α-amylase activity of 24 
genotypes at PM-3 could be associated with α-amylase content per se or with α-amylase 
inhibitor, but we did not test to distinguish the two factors.
Further studies need to be conducted to determine if the genetic variation observed in 
the absence of sprouting is generally associated with the variation in conditions that in-
duce PHS. The rising expression of α-amylase gene, α-Amy1, was found in one suscepti-
ble wheat genotype following PM, although the α-amylase activity change is not substan-
tial (De Laethauwer et al., 2013). The significant difference on α-amylase activity among 
24 genotypes in our study may provide the insight of linking enzyme activity towards 
PHS susceptibility in future research. Because the α-amylase activity is highly converged 
at PM and PM+3 in our study, these two time points (especially PM+3) are expected to be 
good starting time points to evaluate the effects of inducing sprouting via artificial mist-
ing – such that genotypes have a similar “baseline” starting value.
Research by Souza et al. (2011) showed that a high linear correlation between 
α-amylase activity and FN is only present when FN values were between 200s and 300s, 
and two regression functions to fit non-linear relationship between α-amylase activity and 
FN were proposed. In our study, non-linear regression explained the relationship between 
α-amylase activity and FN much better than linear regression, especially when the meas-
ured values ranged widely. This relationship was also in agreement with the study by 
Verity et al. (1999) and Dennett et al. (2013).
From the relationship between α-amylase activity and FN, significant reduction in FN 
could occur without a marked increase in α-amylase activity when α-amylase activity was 
low.  It has been suggested that FN should not be used as the only method to detect the 
PHS damage because it does not provide quantified and accurate protein composition and 
quality changes due to weathering (Barbeau et al., 2006). In addition, Ross et al. (2012) 
found grain protein concentration could be responsible for changing FN in the absence of 
elevated α-amylase in soft white wheat. The α-amylase activity test and FN test show dif-
ferent advantages in analyzing PHS samples as the relationship between α-amylase activ-
ity and FN is not linear over wide-ranging results. The α-amylase levels are highly con-
verged soon after PM during non-PHS inducing conditions, and there is no “upper limit” 
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of α-amylase values compared to the saturation limit (62s) for FN test. In addition, the 
high throughput modified Ceralpha method is efficient for screening a large number of 
samples, as would occur in a breeding program.  In contrast, it can be argued that the FN 
test may be more useful for industry purposes. The FN test shows a high level of variation 
between genotypes in the absence of sprouting irrespective of time-point around PM, 
which can reflect different functional properties of the grain. The FN test can raise aware-
ness of when sprouting has occurred, but is not as effective in differentiating levels of 
sprouting amongst sprouted samples. 
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